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Abstract: The present study addresses a cost effective method for fabricating high performance and flexible supercapacitor 
based on the transition metel oxides of Mn3O4 thin films. The Mn3O4 prepared by SILAR method at different cycles such 
as 25, 50, 75 and 100 cycles. The prepared Mn3O4 thin films were characterized by means of structural, morphological and 
electrochemical studies. The structural studies of X-ray diffraction (XRD) reveal that 75 cycles have good crystalline 
nature with tetrahedral structure. Fourier transform infrared spectroscopy (FTIR) indicates the functional group of Mn-O. 
Raman spectra indicate the formation of Mn3O4 thin films. SEM analysis depicted that Mn3O4 thin films have a rod-like 
structure. TEM images show the SAED pattern and lattice fringes of Mn3O4. The electrochemical measurements of CV, 
GCD and impedance measurements are investigated using 1M Na2SO4 electrolyte. In the electrochemical measurement 
Mn3O4 thin films exhibit the maximum specific capacitance value of 295 Fg-1 at the scan rate of 2 mVs-1. 





In the current situation, energy storage devices are 
more important in the field of rapid development of the 
nation. Developing social process requires energy storage 
and replacing the other storage devices like a battery. Also, 
converting the alternative energy storage is critical. 
Supercapacitors have a long life cycle, high power density 
and very good reversibility. Transition metal oxide has a 
main role in the energy storage devices used as one of 
electrode materials, including RuO [1], MnO [2], V2O5 [3], 
Iron [4], Cobalt [5], Nickle [6], …etc. MnO is a promising 
electrode material, eco-friendly, non-toxic and cost-
effective. Preparation of Mn3O4 involves various method, 
such as spray pyrolysis [7], sol-gel [8], hydrothermal 
method [9], Physics vapour deposition [10], thermal 
decomposition [11] and SILAR [12]. Successive ion layer 
adsorption and reaction (SILAR) method is suitable for the 
film's preparation because of its easy preparation, uniform 
coating, controlling thickness and low cost. Girishgund et  
 
al, [13] prepared pure Mn3O4 and composite thin films 
using it. Dubal et al, [14] reported the maximum specific 
capacitance value of 314 Fg-1 using the same method. 
Zhenghua Su et al, [15] prepared sulfurizing stacked thin 
films utilizing it. It is the most suitable method for the 
preparation of thin films.  
In the present work focused on the Mn3O4 thin films 
prepared at different cycles such as 25, 50, 75 and 100 
using a simple and inexpensive successive ionic layer and 
adsorption method. The manganese oxide is well deposited 
on the substrate and the results are investigated by 
structural, morphological and electrochemical studies.  
2 Experimental Procedures 
The Mn3O4 thin films were prepared using SILAR method. 
The substance was used as a well-cleaned glass substrate 
and stainless steel mesh (SS). Analytical grade of MnSo4 
(0.1 M) and NaOH (0.1 M) was used as a precursor, First, 
Mn3O4 was dissolved in 100 ml of double distilled water 
(DDW) used as a cationic solution and the anions solution 
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of NaOH was dissolved in 100 ml of DDW. The schematic 



























The figure indicates the formation of Mn3O4 thin films. The 
cationic and anionic solution was kept in a beaker 1, 3 and 
2, 4 filled with the DDW. The well-cleaned glass and SS 
substrates are immersed in the cationic solution. The 
substrates adsorbed the Mn ions in 20 sec and dried at air 
atmosphere 5 sec. Then, they were dipped in DDW again to 
remove the loosely bounded Mn ions. Yet again the 
substrate were immersed in the anionic solution to absorb 
the OH- ions and reacted with the Mn ion in 20 sec and 
dried at air atmosphere 5 sec. Then, it was dipped in the 
DDW to remove the unreacted ions in the process like one 
cycle. The cycles varied from 25 to 100 cycles in the step 
of 25 cycles. The cycle’s film thickness and properties of 





























2.1 Film Characterization  
An X-ray diffractometer (XRD) system “6000 Shimadzu 
X-ray diffractometer” using CuKa radiation with λ=0.1541 
nm was used to identify the crystal structures of the films. 
The Fourier transform infrared (FTIR) spectra are carried 
out using the model JASCO 4600. Raman spectra were 
carried out in the range of 100-1000 cm-1 using the Jobin-
Yvon T64000 Raman scattering system with an Olympus 
microscope equipped with a 100-magnification lens in 
backscattered configuration. A Scanning Electron 
 
Fig.1: Schematic diagram of SILAR method. 
Table.1: Optimised parameters of prepared Mn3O4 Thin films. 
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Microscope (SEM) images are used to find the morphology 
of the prepared Mn3O4 thin film with VEGA3 TESCAN 
model and EDAX analysis by Bruker Nano Gmbh, 
Germany. The morphologies and SAED pattern of the 
manganese oxide were observed on the High-Resolution 
Transmission Electron Microscope (HR-TEM) analysis 
(Model of the instrument FEI –TECNAI G2-20 TWIN 
200kV with LaB6 filament with an acceleration voltage of 
200 kV). 
2.2 Electrochemical Measurements  
The electrochemical measurement was investigated using 
CHI 760 D electrochemical work station. All the 
electrochemical measurements were analysed by the three 
electrodes: 1. Mn3O4 is s a working electrode, 2. SCD is the 
reference electrode, and 3. Platinum wire as the counter 
electrode. 1 M of Na2SO4 solution was used as an 
electrolyte. This work station was used to investigate the 
CV, GCD and electrochemical impedance measurement. 
CV measurements are carried in the different scan rate 2 
mVs-1 to 100 mVs-1, and the CV performed a potential 
window -0.2 to 1.0 V. The   GCD studies were conducted at 
the current density of 2 mA within the potential window -
0.2 to +1.0 V. Electrochemical impedance measurement 
was investigated between the 0.01Hz and 100 kHz with AC 





























3 Results and Discussion 
3.1 Structural Studies 
The XRD pattern shows the cycle’s variation of Mn3O4 thin 
films. The cycles from 25, 50, 75 and 100 cycles. It reveals 
25 cycles with amorphous nature. Cycling intensity of the 
peaks gradually increases because the Mn ions are 
uniformly deposited on the lattice. The XRD Pattern of 
Mn3O4 thin films indicates that the corresponding peaks are 
(101), (112), (200), (103), (211), (220), and (215) planes  
which are consistent with the Girish at al [13]. They are 
assigned to the tetragonal hausmannite structure. The 
values are compatible with the standard JCPDS card 
number 24-0734. Manganese oxide has a different 
structure. Properties of Mn ions Mn2+, Mn3+ and Mn4+.in the 
positions of manganese oxides are MnO, MnO2, Mn2O3 and 
Mn3O4. The well-stabled Mn3O4 thin films are prepared at 
room temperature. They have stable spinel oxide in 273 K. 
Mn2+ and Mn3+ ions are located at the tetrahedral and 
octahedral sites. Tetrahedral sites are surrounded by four 
oxygen ions, but octahedral sites are surrounded by six 





















Fig.2: XRD pattern of Mn3O4 thin films.  
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The average crystallite size  of Mn3O4 thin films was 
calculated using the Debye Scherer’s equation [17],  
      D =  !"
# $%&'
                                      (1) 
Where k is the shape factor (0.9),	𝜆  is the wavelength of 
the X- ray, β is full with and half maxima, and 𝜃  is the 
angle of the diffraction.  Dislocation density (δ) and 
microstrain (ɛ)  also calculated [18]. Dislocation density is 
defined as the length of dislocation lines per unit volume of 
the crystalline material. The calculated results are presented 
in Table 2. Dislocation density and microstrain was 
calculated from the following equation (2) and (3):                          
     δ	 = -
./
                                            (2) 
   ɛ =   #	012'
3
                                          (3) 
3.2 Thickness Measurement  
 
Thickness measurement was carried out from gravimetric 
weight difference method with the relation t=M/1000 x 
density x area, where t is thickness, m is the mass of the 
film deposited on the substrate in milligram, A is area of 
the deposited film in cm2, density of the deposited materials 
(=7.21 gcm-3) is in bulk form. Fig.2 indicates that when the 
number of cycles like 25, 50, 75 and 100 increases, film 












The Raman spectra of the film exhibit highest intensity 
peak is 655 cm-1. Hui xial et al. [23]  observed 652.1 cm-1 
and Larbi et al. observed [24] 655 cm-1indicating good 
agreement with the reported value. The intense vibrational 
mode located at 653 cm-1. Julienetal et al. [25] reported the 
characteristic of Mn3O4 with the spinel structure 
corresponding to the Mn-O breathing vibrations of Mn2+ 
ions. Kim et al. [26] reported  that Mn2+ is located in the 
tetrahedral coordination.  
3.4 SEM and TEM 
The surface morphology of 50 (A), 75 (B), and 100 (C) 
cycle Mn3O4 thin films is presented in Fig.5. The SEM 
the gravimetric weight difference method to measure film 
thickness in SILAR method, reported that the values 
increased when the number of cycles increased. D.P.Dubal 
et al [14]  reported and calculated thickness of the Mn3O4 
thin films prepared by the chemical deposition from the 
gravimetric weight difference method. A.Abhijt et al [20] 
prepared, using spray pyrolysis  method, thin films to 
define thickness in weight difference method. Increasing 
the deposition cycles 25 to 100 in the steps of 25, thickness 
of the film increases to 0.48, 0.61, 0.98 and 1.35 µm. 
 
3.3 FTIR and Raman Studies  
 
FTIR Spectrum shows the cycle’s variation of Mn3O4 thin 
films ranging from 400 - 4000 cm-1. The bands 615 cm-1 
attributed the stretching modes of Mn-O in tetrahedral sides 
and 499 cm-1 corresponding to the Mn-O bands in 
octahedral sides. The bands of 3746 and 1544 cm-1 are 
assigned to the stretching and bending vibration of –OH 
molecules. This results conforms to the formation of Mn3O4 
thin films. The Raman spectra of pure Mn3O4 thin films are 
presented in the Fig.4. The Raman studies indicate the 
dominant peak of 655 cm-1 assigned the vibrational mode of 
Mn3O4. Qu. jiangying et al. [21] reported the Raman 
spectrum and observed the Mn3O4 peak at 652 cm-1. The 
peak is the evidence of the presence of Mn3O4 thin films.  It 
has a spinel structure corresponding to the Mn-O 
vibrations. Anilkumar et al. [22] reported the specific 









image indicates Mn3O4 thin films with a rod-like structure. 
Increasing the number of the cycle in the step of 25 cycles 
improved the surface morphology. The improved 
morphology shows the rod-like structure. Fig.5 (A) 
indicates the smooth surface, 75 and 100 cycles indicates 
the improved nanorods. Mn3O4 nanorods resemble a bundle 
of grass and it is presented in Fig 5 (B). The length of the 
rod is around 3.12 µm. Presence of Mn and O is conformed 
to the EDAX analysis presented in the Fig.5 (D). Fig.6 
reveals the pristine Mn3O4 TEM images as prepared by 75 
cycles. TEM indicates the nanorod-like structure. SAED 
pattern is consistent with the XRD results. The observed 
lattice fringes with d-spacing of ~ 0.26 nm correspond to 
the high intense plane of XRD confirming the tetragonal 
phase structure of Mn3O4. Mn and O are conformed with 
EDAX. 
 
Table. 2: Structural parameters of Mn3O4 Thin films. 
S. No. Cycles Crystallite size D (nm) Dislocation density (δ)   X10-12 m-2 Micro strain 
(ε) X10-3 
1 50 13 5.91 2.53 
2 75 9 12.34 3.70 
3 100 11 8.26 3.19 
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Electrochemical studies were carried out by 75 and 100 
cycles. CV, GCD and impedance studies investigated the 
electrochemical properties of Mn3O4 thin film electrode 
using three-electrode system. Figures 8 and 9 indicate the 
CV curve which was carried out by different scan rate 2 to 
100 mVs-1. All CV curves resembles a quasi-rectangular 


































nature [21]. In this process, increase the scan rate increases 
from 2 mVs-1 to100 mVs-1. The anodic and catholic peaks 
shift from positive to negative potential. There is less 
diffusion of negative materials at high scan rate. The anodic 
peak indicates the oxidation process of the electrode 
material and cathodic peak reveals the reduction process. 
 
Fig.3 :Thickness measurement of Mn3O4 thin films. 
 
 
  Fig.4 :FTIR spectrum of Mn3O4 thin films.  
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The specific capacitance value was calculated using the 













































































Fig.5: Raman spectrum of Mn3O4 thin films.  
 
Fig.6: SEM images of Mn3O4 thin films.  
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The CV measurement of 75 cycles shows the specific 
capacitance value in the scan rate of 2, 5, 10, 20, 40, 60, 80 
and 100 mVs-1. The specific capacitance values are 
295,160, 80, 52, 30, 20, 10 and 5 Fg-1 and 100 cycles have 
a 167, 90, 65, 52,33,22,15 and 7 Fg-1.  Increasing the scan 
rate decreases the specific capacitance value decreasing 
because the highest scan rates is assigned to the presence of 
inner active sites that cannot sustain the redox transitions 
which occurs due to the diffusion effect of ions with the 
electrode. The GCD curves carried out pure Mn3O4 thin 
films electrodes in 1 M Na2SO4 at 2 mA cm-1 current 
density and potential range from -0.3 to 0,8 V/SCE. The 
galvanostatic charge-discharge curve is presented in Figure 
10. It also exhibits the potential drop. The specific 





























                                        (5) 
Where I is the current density, ∆𝑡 is the discharge time, m 
represents the mass of the material, 	∆𝑉	indicates the 
potential window. The specific capacitance value calculated 
75 and 100 cycles of Mn3O4 electrode. The specific 
capacitance values are 180 and 100 Fg-1 for the current 
density 2 mA. Compared to these cycles, 75 cycles have a 
good specific capacitance value. The electrochemical 
impedance spectra (EIS) were measured in the open circuit 
potential at the alternative current of 2 mV. Fig.11 shows 
Nyquist plot which is composed to the semi-circle at high 
frequency range in high. After that line, nearly a straight 
line at a low and high frequency represents the ion diffusion 
and charge transfer resistance. The symmetry of the 
specific capacitance values is presented in Table.3. 
 
Fig.7:TEM images of Mn3O4 thin films. 
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Fig.8. CV curve of 75 cycles Mn3O4 thin films with a different scan rate. 
 
 
Fig.9. CV curve of 100 cycles Mn3O4 thin films with different scan rate. 
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Fig.10: GCD curve of 75 and 100 cycles Mn3O4 thin films with current density at 2 Ag-1. 
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Mn3O4 thin films were prepared using the simple and 
inexpensive SILAR method. The films prepared by 
different cycles vary from 25 to 100 cycles in the step of 
25. The cycle 75 is the optimal cycle. XRD results confirm 
that the formation of Mn3O4 thin films has polycrystalline 
nature with tetrahedral structure. FTIR studies indicate the 
chemical bounding of Mn and Oxygen. Raman spectra 
exhibit that formation of Mn3O4 thin films. SEM studies 
indicate that the 75 cycles have a nanorod structure 
resembling a bundle of gross. Compared to the other 
deposition cycles, 75 cycles present a good result. TEM 
images indicate that SAED pattern is consistent with XRD 
planes. Lattice fringes with d-spacing of ~ 0.26 nm 
correspond to the high intense plane of XRD confirming 
the tetragonal phase structure of Mn3O4. The 
electrochemical measurements, i.e. CV, GCD and 
impedance measurements, are investigated using the 1M 
Na2SO4 electrolyte. In the electrochemical measurement, 75 
cycles deposited Mn3O4 thin films exhibit the maximum 
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